Mature alveolar type II cells that produce pulmonary surfactant are essential for adaptation to extrauterine life. We profiled gene expression in human fetal lung epithelial cells cultured in serumfree medium containing dexamethasone and cyclic AMP, a treatment that induces differentiation of type II cells. Microarray analysis identified 388 genes that were induced Ͼ 1.5-fold by 72 h of hormone treatment. Induced genes represented all categories of molecular function and subcellular location, with increased frequency in the categories of ionic channel, cell adhesion, surface film, lysosome, extracellular matrix, and basement membrane. In timecourse experiments, self-organizing map analysis identified a cluster of 17 genes that were slowly but highly induced (5-to ‫ف‬ 190-fold) and represented four functional categories: surfactant-related (SFTPC, SFTPA, PGC, SFTPB, LAMP3, LPL), regulatory (WIF2, IGF2, IL1RL1, NR4A2, HIF3A), metabolic (MAOA, ADH1B, SEPP1), and transport (SCNN1A, CLDN18, AQP4). Induction of both mRNA and protein for these genes, which included nine newly identified regulated genes, was confirmed, and cellular localization was determined in both fetal and postnatal tissue. Induction of lysosomal-associated membrane protein 3 required both hormones, and expression was localized to limiting membranes of lamellar bodies. Hormoneinduced differentiation of human type II cells is associated with genome-wide increased expression of genes with diverse functions. Keywords: cyclic AMP; epithelial differentiation; glucocorticoid; human fetal lung; type II cell Pulmonary type II cells have a number of known physiologic functions. During lung development, they are the progenitor cell for type I cells that constitute the gas exchange surface in alveoli. After lung injury, type II cells proliferate to repopulate the pulmonary epithelium. These cells participate in transepithelial movement of sodium and water to clear fetal lung fluid at birth and to maintain alveolar fluid homeostasis with air breathing. Type II cells produce a variety of cytokines, chemokines, and other proteins involved in the inflammatory response, as well as proteins that have either immunomodulary or antioxidant roles. The most specialized function of type II cells is the production and secretion of surfactant, the complex mixture of lipid and surfactant proteins (SPs) that maintains alveolar stability and is required for successful adaptation to extrauterine life (1-3). Differentiation of type II cells from undifferentiated precursor epithelial cells is marked by the disappearance of glycogen, which serves as a substrate for surfactant phospholipid synthesis, the formation of lamellar bodies, which are the intracellular storage sites for secreted surfactant, and expansion of the apical cell surface in the form of microvilli (4-7). A number of classes of proteins are developmentally increased during type II cell differentiation, including SPs, lipogenic enzymes, selected water and ion transporter/channels, metabolic enzymes, and structural proteins (8).
Differentiation of type II cells from undifferentiated precursor epithelial cells is marked by the disappearance of glycogen, which serves as a substrate for surfactant phospholipid synthesis, the formation of lamellar bodies, which are the intracellular storage sites for secreted surfactant, and expansion of the apical cell surface in the form of microvilli (4) (5) (6) (7) . A number of classes of proteins are developmentally increased during type II cell differentiation, including SPs, lipogenic enzymes, selected water and ion transporter/channels, metabolic enzymes, and structural proteins (8) .
Studies of alveolar type II cell differentiation in cultured fetal lung explants and in vivo indicate that both glucocorticoids and cyclic AMP (cAMP) are important agents in the maturational process (5) (6) (7) (8) (9) . Hormone treatment of explants or epithelial cells from second trimester human fetal lung results in differentiation of type II cells that contain lamellar bodies and secrete surfaceactive surfactant. A limited number of glucocorticoid-regulated genes have been identified (7, 8) . In general, hormonally induced genes are also developmentally regulated, consistent with the view that glucocorticoid treatment causes precocious maturation and mimics the role of endogenous corticosteroids in lung development. In a survey of hormonal responses in fetal lung epithelial cells, most ‫ف(‬ 90%) induced genes responded to both glucocorticoid and cAMP in either an additive or synergistic manner (7) . Although many of the recognized inductive responses to glucocorticoid/cAMP exposure occur in lung epithelial cells, mesenchymal fibroblasts are also target cells for these hormones, and mesenchymal-epithelial interactions are important in lung development (10) . Other reported regulators of lung development include thyroid hormones, epidermal growth factor, gastrinreleasing peptide, IL-1, and parathyroid hormone-related peptide; however, there is limited information regarding target genes for these agents (11) .
Primary culture of fetal lung epithelial cells is a useful model system for examining changes in gene expression during type II cell differentiation. In this experimental approach, an enriched population of epithelial cells, isolated from second trimester human fetal lung tissue, is cultured in serum-free medium containing dexamethasone and 8-bromoadenosine 3Ј,5Ј-cAMP (8-Br-cAMP) (7) . Within 4 d, many of the hormone-treated cells develop intracellular lamellar bodies and secrete surface-active surfactant in response to secretagogues; cells cultured without hormones do not undergo differentiation. We previously used DNA microarray analysis to generate an initial, limited survey of regulated genes after 3 d of hormone-induced type II cell differentiation in vitro (7) . In the present study, we have expanded the survey and analysis of induced genes and profiled gene expression at time points during the process of type II cell differentiation. We have analyzed the chromosomal distribution of induced genes and determined categories of the encoded proteins with regard to their molecular function and subcellular location. A cluster of 17 known genes that were highly induced contained 9 newly identified, hormonally responsive genes. Preliminary results have been published as an abstract (12) .
MATERIALS AND METHODS

Cell Culture
We isolated enriched populations of epithelial cells from second trimester human fetal lung tissue under institutional review board-approved protocols, as previously described (6) . After overnight culture (Day 1), we cultured the cells for an additional 3 d in serum-free Waymouth's medium alone (control), or with dexamethasone (10 nM)/8-Br-cAMP (0.1 mM)/isobutylmethylxanthine (0.1 mM) (DCI), or with dexamethasone or 8-Br-cAMP/isobutylmethylxanthine separately. These concentrations maximally induce surfactant components in human lung explant cultures (9) . For time-course experiments, cells were collected at 4, 8, 24, 48 , and 72 h after addition of DCI or diluent (control). Epithelial cell purity by this procedure was 86 Ϯ 2% (n ϭ 6), with fibroblasts as the primary contaminating cell type (6, 7) .
DNA Microarray Analysis
Total RNA was extracted from control and DCI-treated cells and converted to biotin-labeled cRNA using Affymetrix reagents (Affymetrix, Santa Clara, CA) and protocol. Biotin-labeled cRNA was hybridized to U133A Affymetrix microarray chips that contain 16-20 unique 25 mer oligonucleotide probes for ‫ف‬ 14,500 human genes plus corresponding 12-16 probes with a single nucleotide change (mismatch control). U133A hybridization, washing, staining, and scanning were performed by the Stokes Research Institute Nucleic Acid Core Facility using procedures described in the Affymetrix GeneChip Expression Analysis technical manual. A total of 18 chips were analyzed with cells cultured from 13 individual lungs. Gender was known for seven lungs (four female and three male). For studies of DCI effects at 72 h, a total of 10 chips (5 control and 5 DCI-treated) were used. In the first two experiments (4 chips) RNA was prepared from cells isolated from individual specimens of lung tissue (13-and 14-wk gestation) that were cultured in the presence or absence of DCI. In an additional three experiments (6 chips), equal amounts of RNA from 72-h control and DCI-treated cells (derived from 3-4 different lungs for each pool, 16-to 20-wk gestation) were pooled for analysis. To study the time course of gene induction, cells from 4 individual lung specimens (all ‫ف‬ 18-wk gestation) were cultured in the presence of DCI or Waymouth's media for 4, 8, 24, 48 , and 72 h, and equal amounts of RNA from each experiment were pooled for analysis with 2 chips (DCI and control) used at each time point; data from the 72-h point in this experiment represent 1 of the 3 RNA pools noted previously here. RNA from all 13 cell preparations was analyzed by dot-blot hybridization, as previously described (7) , to confirm induction of SP-B mRNA after 72 h DCI treatment. The strategy of pooling of RNA samples from separate experiments for microarray analysis has been found not to affect the inference for most genes (13) .
Affymetrix Microarray Suite 5.0 was used to quantitate and analyze mRNA content for expressed genes. Default values provided by Affymetrix were applied to all analysis parameters. Probes for 70 control genes on each chip were used to normalize fluorescence intensity between chips, and arrays were scaled to an average intensity of 1,500 fluorescence units and analyzed independently. For very-lowabundance mRNAs in control cells (Ͻ 20 fluorescence units), a value of 20 units was assigned. The Microarray Suite software uses Wilcoxon's signed rank tests to evaluate whether a transcript is detectable on the array (present, marginal, absent), and the probability of a significant change between arrays (i.e., DCI-treated versus control), assigning P values and a change call (increase, decrease, no change) for each probe. For the current analysis, induced genes were defined as those that were detected as present and increased (DCI-treated for 72 h versus control) in all 5 experiments, with P Ͻ 0.003 for at least four experiments and a mean fold induction Ͼ 1.5-fold. We also determined q values for the entire data set using QVALUE software (available online at http:// genomine.org/qvalue). This analysis indicated that induced genes met a false discovery rate of Ͻ 0.025 (14) . When more than one probe set was present for the same gene, data were combined to provide a mean value. Fold-stimulation results are expressed as mean Ϯ SE.
Database Analyses
We used databases and software in the public domain to compare various properties of induced genes of fetal epithelial cells with human genomic data. Distribution of induced genes among chromosomes (as % of chromosomal genes represented on the chip) and close clustering of induced genes was determined using data extracted from the NCBI website (available online at www.ncbi.nlm.nih.gov/mapview/ maps.cgi?ORGϭhumandMAPSϭideogr,cntg,ugHs,genesandCHRϭ1).
The molecular function and subcellular location of induced genes was determined from the Swiss-Prot database (available online at http:// us.expasy.org/sprot/sp-docu.html), and the relative distribution of genes between categories was compared with data for all human entries in this database (10, 125 at the time of analysis). Subcellular location was primarily a single designation in this database, whereas multiple terms were generally assigned for gene molecular function.
Clustering Analysis for Self-Organizing Maps GeneCluster 1.0 from the Whitehead Institute/Massachusetts Institute of Technology Center for Genome Research (available online at: http:// www.genome.wi.mit.edu/cancer/software.html) was used to cluster differentially expressed genes in the time course by self-organizing maps (SOM). Cluster analysis was restricted to the 5,570 probes on U133A that met the following two criteria by Microarray Suite 5.0 analysis: (1 ) the probe was designated as "present" on at least one chip in the time course studies; and (2 ) in comparative analysis between control and DCI-treated cells, the probe was designated either "increased" or "decreased" for at least one time point. For our SOM analysis, we used a 6 ϫ 4 matrix and the default settings of the software to create 24 patterns of gene expression.
Real-Time RT-PCR
RNA was prepared using RNA STAT (Tel-Test, Inc., Friendswood, TX) per the manufacturer's instructions. Samples were then treated with RQ1 RNase-free DNase (Promega, Madison, WI) and ethanol precipitated after phenol-chloroform extraction. Integrity, purity, and concentration were confirmed using an Agilent 2,100 bioanalyzer (Agilent Technologies, Palo Alto, CA) in the Nucleic Acid Core Facility at Children's Hospital of Philadelphia. cDNA was synthesized from 2 g RNA samples using the SuperScript First-Strand RT-PCR kit (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. Real-time PCR reactions using a singleplex format were performed with an ABI Prism 7,000 (Applied Biosystems, Foster City, CA) in the Real-Time PCR Core Facility of the Children's Hospital of Philadelphia. We used the standard PCR protocol recommended by the manufacturer of Assay-on-Demand kits (Applied Biosystems, Foster City, CA). The specific primer and probe sequences are available from the authors on request. The assays were determined to be in the linear amplification range in each experiment using cDNA standards derived from RNA of cells treated for 5 d with DCI. 
Antibodies
Western Analysis
We performed immunoblotting using previously described procedures (7) and NuPAGE Bis-Tris gels with MES (2-[morpholino] ethane sulfonic acid) SDS Running Buffer, per the manufacturer's protocol (Invitrogen, Carlsbad, CA). Proteins were transferred to Duralose membrane (Stratagene, La Jolla, CA) and probed with primary antibodies and appropriate horseradish peroxidase-tagged secondary antibody. Signal was detected using the enhanced chemiluminescence kit (SuperSignal West PICO kit; Pierce, Rockford, IL) and blots exposed to Kodak Biomax MS film (Eastman Kodak Co., Rochester, NY). Films were scanned with an Agfa Argus II scanner and FotoLook SA scanning software on a Macintosh G4 computer (Apple Computer, Inc., Cupertino, CA). Semiquantitative densitometric analysis was done using MacBAS version 4.2, after background subtraction.
Immunofluorescence
Lung tissue (fetal uncultured or after explant culture, or normal human infant 1-3 mo of age) was fixed in cold 1% paraformaldehyde, washed in 1 mM NH 4 Cl in PBS followed by cold PBS, then cryoprotected by 5% sucrose in PBS, and embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, NC); ‫ف‬ 5 m frozen sections were prepared for immunostaining. Isolated epithelial cells were cultured on glass coverslips for cell culture (Fisher Scientific, Pittsburgh, PA), then fixed with cold methanol (Ϫ20ЊC) and permeabilized with 0.3% Triton X-100 before immunostaining, as previously described (7) . Secondary antibodies for immunofluorescence detection were tagged with Alexa 488 or Cy3 and used at 1:200 or 1:300. After immunostaining, some sections were exposed to 4Ј, 6-diamidino-2-phenylindole (0.1 g/ml, Molecular Probes, Eugene, OR) for 10 min to stain nuclei.
In Situ Hybridization
Nonisotopic in situ hybridization on frozen sections was performed with fetal lung tissue (uncultured or after explant culture) that was fixed in cold 1% paraformaldehyde and embedded in tissue freezing medium. Sections (10 m) were fixed in 4% paraformaldehyde, treated with proteinase K, and then refixed in paraformaldehyde, acetylated, and dehydrated. Antisense probes (2.5 g), prepared using the Dig RNA Labeling kit (Roche, Indianapolis, IN) were diluted in 1 ml hybridization solution, placed on each slide, and incubated overnight at 70ЊC. After hybridization, slides were washed briefly in 5ϫ SSC and highstringency wash solution and then treated with RNase A. Slides were blocked with 1% Blocking Reagent (Roche) and incubated overnight at 4ЊC with alkaline phosphatase-coupled sheep anti-digoxigenin Fab fragments (Roche) diluted 1:5,000 in 1% Blocking Reagent in 1ϫ PBS-0.1% Tween. Alkaline phosphatase activity was detected by incubation in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium mixture for 24-72 h. The slides were counterstained with Nuclear Fast Red (Sigma, St. Louis, MO), allowed to air-dry, and mounted with VectaMount (Vector Laboratories, Burlingame, CA). Slides were examined with an Olympus 1X70 microscope (Olympus, Melville, NY) and Metamorph imaging system (Universal Imaging, West Chester, PA).
RESULTS
Number of Induced Genes
To assess the overall profile of gene expression in differentiated fetal lung epithelial cells, we identified those transcripts that were scored as "present" in cells treated with DCI for 72 h using the U133A Affymetrix microarray chip, which contains ‫ف‬ 22,500 probes for ‫ف‬ 14,500 human genes (available online at www.affymetrix.com). There were 8,453 mRNAs that were identified as present in each of five experiments. Because of redundancy in probe sets, the 8,453 mRNAs likely represent ‫ف‬ 5,450 separate gene transcripts. Assuming that the gene probes on this chip are representative of all the named human genes, we estimate that 38% of the human genome is expressed at detectable levels in fetal lung epithelial cells after 72 h of DCI treatment.
Analysis of microarray data for 5 experiments, representing 13 different fetal lungs between 13-and 20-wk gestation, revealed that 388 mRNAs were reproducibly induced Ͼ 1.5-fold by 72 h of DCI treatment compared with control cells. This represents ‫ف‬ 2.7% of the genes that are probed by the chip and ‫ف‬ 7.1% of the genes that are expressed at a detectable level in these cells. Of the 388 induced genes, 350 encode for proteins of currently known or putative function, and the remaining 38 genes are currently described as expressed sequence tags (ESTs) or encoding unknown proteins. The list contains 78 genes that we previously identified using a first-generation microarray chip (Affymetrix HuFL) containing probes for ‫ف‬ 5,500 human genes (7). The full list of induced genes is provided online at http:// stokes.chop.edu/web/neoresearch, and original data for gene expression profiling after 72-h hormone exposure are deposited at the Gene Expression Omnibus (accession number GSE3306) at the National Center for Biotechnology Information (available online at www.ncbi.nih.gov). Downregulated genes, which are not a focus of this report, are included at the Gene Expression Omnibus website.
Chromosomal Locus of Induced Genes
The chromosomal locus was known for 377 genes induced by 72-h DCI exposure. Induced genes were localized to each of the chromosomes, except for chromosome Y, at a mean frequency of 1.1% (range 0.4-2.1%). The U133A chip has 42 probes for Y chromosome genes, representing 19% of genes currently assigned to the Y chromosome. It is possible that the failure to detect reproducibly induced genes of the Y chromosome reflects a relative scarcity of male lungs in the specimens studied.
Induced Genes Related to Phospholipid Biosynthesis
Hormone treatment of fetal lung cells increases the synthetic rate and content of phosphatidylcholine (PC) and alters the molecular composition of both PC and phosphatidylinositol (7) . Accordingly, we examined induced genes of known protein function for those involved in phospholipid biosynthesis. A total of 13 genes were identified that participated in uptake of lipids (4 genes), biosynthesis (7 genes), or remodeling (2 genes) of phospholipids ( Figure 1 ). Highly induced genes included lipoprotein lipase (LPL, 13-fold), fatty acid synthase (FAS, 6-fold), glycerol kinase (GK, 5-fold), and phosphatidylglycerophosphate synthase (PGS1, 3-fold); the other genes were all induced 1.6-to 2.5-fold. In addition, there were induced genes encoding a putative membrane phospholipid transporter (ABCA3), a putative acyltransferase (FLJ12443), and five induced genes related to cholesterol uptake or synthesis (LDLR, LSS, DHCR7, DHCR24, ACAT1).
Molecular Function of Induced Genes
There is limited information about biological functions of type II cells other than production of pulmonary surfactant. To assess whether changes in gene expression during type II cell differentiation were restricted to selected types of biological activities, we examined the major categories of molecular function among induced genes. At the time of data summary (August 2005), the molecular function for encoded proteins of 299 induced genes was available in Swiss-Prot and TrEMBL databases (http://ca. expasy.org/sprot/). To examine the distribution of induced genes among 24 major functional categories, we calculated the percentage of induced genes in each category and compared those values with the categorical distribution of all classified genes in the databases (a total of 10,125 entries). These results are shown in Table 1 . On regression analysis, there was a close correlation (r ϭ 0.92) between the percentage of genes in each category for fetal lung epithelial cells versus the available data for the human genome. The percentage in different categories ranged from 1.0% (surface film) to 28.1% (signal), and represented a range of 2-84 induced genes per category. Of note, three functional categories were enriched in type II cells, with a Ͼ 8-fold higher percentage of induced genes compared with the genome: ionic channel For type II cells, functional category assignment was made for 299 induced genes that had data available in the Swiss-Prot and TrEMBL databases, and percent for each category was calculated (2-84 genes/category). Data for the genome represent the same calculation for all human proteins in the databases (10,125 entries). The percentages of induced type II cell genes in each functional category is similar to those for the human genome, except for the categories of ionic channel, cell adhesion, and surface film (shown in bold).
PCDH9, PECAM1, SPON1, and ALCAM. The 10 induced cell adhesion genes, as identified by this microarray analysis, include CACNA2D2, CLIC3, CLIC5, FXYD3, KCNJ15, KCNJ2, KCNJ8, PLLP, SCNN1A, and SCNN1B. The three induced surface film genes (SFTA, SFTB, SFTC) represent all of the genes in this category listed in the protein databases.
Subcellular Location of Induced Genes
The subcellular location of proteins often reflects their general area of biological function (e.g., signaling and transport functions for membrane proteins). To further assess the spectrum of functional changes with type II cell differentiation, we categorized induced genes by location of encoded proteins. At the time of data summary, the subcellular location of 183 (47%) of the induced genes was listed in the Swiss-Prot and TrEMBL databases. Distribution of induced genes among 14 major subcellular categories was compared with that for all 8,534 proteins in the databases with subcellular location assignments. Regression analysis indicated a close correlation (r ϭ 0.98, excluding "plasma") between the percentage of genes in each category for fetal lung epithelial cells and the available data for the human genome. Approximately 80% of the induced genes were in either transmembrane/membrane or nuclear protein categories of subcellular location, consistent with the high frequency of these assignments in the protein databases. There was a relatively low percentage (3.8%) of induced genes in the plasma category, which represents secreted proteins, primarily of hepatic origin. The extracellular matrix (10 genes), lysosome (5 genes), and basement membrane (2 genes) categories were represented at an ‫ف‬ 3-fold higher percentage for induced genes compared with the genome.
Time Course of Gene Expression in Response to DCI
To evaluate kinetics of gene induction, we performed an initial microarray study for control and DCI-treated cells at 4, 8, 24, 48, and 72 h. We then used GeneCluster 1.0 software to perform SOM analysis, which categorizes genes by their temporal pattern of hormone response (induced, repressed, or no change) and has been used to identify groups of regulated genes that share regulatory elements or functional relationships (15, 16) . Figure 2 shows the time course for four clusters of genes with mean induction values Ͼ 1.5-fold for at least one time point. Cluster 1 contained 18 highly induced genes, including SP-A, SP-B, and SP-C, and was selected for further study and confirmation of hormonal responsiveness. Real-time RT-PCR analysis (n ϭ 3) confirmed the time-course data obtained by microarray (Figure 2 ). The 
Excluding one gene of unknown function (DKFZP586 A0522), Cluster 1 contained genes in 4 general categories of protein function: surfactant-related, regulatory, metabolic, and transport, and included 9 genes not previously known to be hormonally responsive in fetal lung (LAMP3, LPL, WIF1, IL1RL1, NR4A2, HIF3A, MAOA, ADH1B, and SEPP1). Table  2 lists mRNA abundance and induction data for these 17 genes from microarray analysis of 72 h DCI-treated cells. In separate experiments under the same treatment conditions, induction at 72 h was determined for all the genes of Cluster 1 using realtime RT-PCR. Induction of SP-A, SP-B, SP-C, and PGC mRNA has been previously demonstrated in this system by Northern, dot-blot analysis, and real-time RT-PCR (7, 17) . There were some differences in fold induction between microarray and realtime RT-PCR, which are likely attributable to inaccuracies in calculation of fold change in instances where the control level of gene expression was very low or undetectable (SFTPA, SFTPC, PGC, IL1RL1). Because optimal induction of type II cell differentiation occurs in the presence of both glucocorticoid and cAMP, we also examined the response to individual hormones (dexamethasone or cAMP/isobutylmethylxanthine) by microarray and/or RT-PCR. All types of hormonal responsiveness were represented in the gene cluster: induction by only dexamethasone (two genes) or only cAMP (four genes), additive or synergistic effects between dexamethasone and cAMP (eight genes), and a requirement for both hormones with no response from one hormone alone (permissive effect, three genes).
Detection of DCI-Induced Proteins
We used Western analysis and immunofluorescence staining to investigate the cellular localization and content of 11 newly identified proteins encoded by genes of Cluster 1. Induction and epithelial localization of the SPs, pepsinogen C and claudin 18, 4 . Genes of Cluster 1 as identified by self-organizing map analysis are shown by functional categories. Fold induction data are mean Ϯ SE from 5 (microarray) and 3 (RT-PCR) experiments with exposure of cells to dexamethasone/8-Br-cAMP/isobutylmethylxanthine (DCI) for 72 h. Hormonal response data were obtained using RNA from cells exposed to DEX alone, cAMP/isobutylmethylxanthine (cAMP) alone, DCI, or untreated with analysis by RT-PCR or microarray (7) . A DEX-permissive effect is defined as no response to DEX alone but increased responsiveness to cAMP in the presence of DEX compared to cAMP alone. A cAMP-permissive effect reflects the opposite response to the two hormones.
have been previously described (6, 7, 17, 18) . The antibody against selenoprotein P did not detect immunoreactive protein in control or DCI-treated cells by either Western analysis or immunostaining.
Western analysis confirmed that DCI treatment increased protein expression for 5 of the 11 newly identified genes of Cluster 1 (Figure 3) . The increases were in the 2-to 4-fold range for LPL, ENaC, WIF-1, and ADH, and higher (22-fold) for IL1RL1 (ST2), which was faintly detected in control tissue and strongly present after DCI treatment. IL1RL1 (ST2) protein was only detected in DCI-treated lung explants (row 2) and not in epithelial monolayer cultures, perhaps reflecting protein abundance and stability to enzymatic digestion of lung tissue. WIF-1 from DCI-treated cells migrated slightly slower than for control, perhaps reflecting a hormone effect on posttranslational modification as well as gene expression. One or more available antibodies for MAO, HIF3␣, AQP4, LAMP3 (DC-LAMP), IGF-II, and NR4A2 were tested, but failed to detect specific bands at the expected locations on protein blots.
Frozen sections of lung explants, either uncultured (preculture) or cultured 4 d in control or DCI-containing media, were immunostained with available antibodies (Figure 4 ). Explants retain intercellular morphologic relationships comparable to in vivo tissue, allowing discrimination of staining to epithelial and/or mesenchymal cell compartments. Antibodies for eight of the proteins detected primarily epithelial cell immunostaining, whereas immunoreactivity with the ADH antibody was localized primarily to mesenchymal cells. HIF3␣ staining was mesenchymal in control tissue and present in both mesenchyme and epithelium in DCI-treated tissue. For each of the proteins, minimal staining was detected in uncultured tissue, and DCI treatment increased staining intensity compared with control tissue. Different patterns of epithelial cell staining were evident: cytoplasmic (LAMP3, HIF3␣, MAO), basal (LPL), basolateral (ENaC, AQP4), and apical (IL1RL1, NR4A2). Two antibodies against IGF-2 provided no fluorescent signal in explants. Immunostaining was also performed with sections of normal postnatal lung ( Figure 5 ). The pattern of staining was generally comparable to that observed in hormone-treated fetal tissue. LPL and AQP4 staining localized to the surface of epithelial cells, with regions of increased intensity. The distribution of DC-LAMP staining was consistent with type II cell-specific expression. NR4A2, ENaC and weak HIF3␣ staining appeared to be cytoplasmic in epithelial cells, whereas ADH staining occurred primarily in mesenchymal cells. Staining of postnatal tissue was not detected for MAO and IL1RL1 under the conditions used, perhaps representing age-dependent expression.
We immunostained fetal lung cells in monolayer culture for better visualization of intracellular staining ( Figure 6 ). Increased staining in epithelial cells with DCI treatment was confirmed for AQP4 (plasma membrane), LAMP3 (punctate cytoplasmic), and HIF3␣ and NR4A2 (cytoplasmic). LPL (Figures 6a and 6b ) appeared as punctate cytoplasmic immunostaining in epithelial cells, whereas localization to the basal membrane was observed in explants. Confirming the observation in explants, ADH immunoreactivity was most intense in fibroblasts that contaminate the culture (Figures 6i and 6j) , although some staining was evident in epithelial cells. IGF-II immunoreactivity (Figures 6k and 6l) , which was not detected in explants, was present as faint cytoplasmic staining in DCI-treated but not in control epithelial cells.
In Situ Hybridization
To establish cellular localization of gene expression, in situ hybridization was performed on sections of uncultured, control, and DCI-treated explants for proteins without a suitable anti- f, i, l, o, r, u, x, aa) . Results were similar with three separate lung specimens, and representative staining is shown. For each of the proteins, uncultured tissue showed low to absent immunostaining. Fluorescence signal was also low for control tissue, except for somewhat increased signal with AQP4, IL1RL1, HIF3␣, MAO, and ADH; HIF3␣ staining in control explants was restricted to the mesenchyme. For all antibodies, staining was most intense for tissue cultured in DCI and was localized to epithelial cells, except for ADH (primarily mesenchymal) and HIF3␣ (epithelial and mesenchymal). Different patterns of epithelial cell staining are evident: cytoplasmic (LAMP3, HIF3␣, MAO), basal (LPL), basolateral (ENaC, AQP4), apical (IL1RL1, NR4A2). Arrows indicate epithelial cells. A, alveolar space; m ϭ mesenchyme.
body (WIF1), immunolocalization to both mesenchymal and epithelial cells (MAO), and faint fluorescence signal (IGF-II) (Figure 7) . WIF-1 and MAO mRNAs were not detected in uncultured lung tissue, were present in epithelial cells of control (Figure 4) . The staining patterns for most genes were similar to those observed in the explants. LPL and AQP4 staining localized to epithelial cell membranes with areas of stronger intensity; the pattern of DC-LAMP was consistent with restricted type II cell expression; NR4A2, ENaC, and weak punctate HIF3␣ staining appeared to be cytoplasmic in epithelial cells; and ADH staining occurred primarily in mesenchymal cells. Staining of postnatal tissue was not detected for MAO and IL1RL1 under the conditions used. Nonspecific staining (not shown) was consistently low for postnatal tissue.
explants, and signal intensity was increased in DCI-treated tissue. IGF-2 mRNA was detected in epithelial cells of uncultured tissue, with greater expression in cultured control tissue and highest expression in DCI-treated tissue.
Characterization of DC-LAMP Induction
We further characterized expression of LAMP3 (DC-LAMP), one of the newly identified hormonally regulated genes. Induction of both DC-LAMP mRNA and protein on exposure to DCI occurred with a time course consistent with Cluster 1 genes, with an initial lag and continuing increase between 48 and 72 h, and the fold increase comparable for transcript and protein ( Figures  8A and 8B ). There was no significant response of DC-LAMP protein to either hormone alone ( Figure 8C ). In additional immunofluorescene studies, expression of DC-LAMP in DCItreated cells colocalized with SP-B at lower magnification. With high power confocal microscopy, DC-LAMP staining was localized to the lamellar body, limiting membranes surrounding SP-B staining that localized to a discreet area within the lamellar bodies ( Figure 9 ). These findings indicate that DC-LAMP expression in human lung is restricted to lamellar body membranes in type II cells.
DISCUSSION
Maturation of the lung in utero, in particular differentiation of type II cells and surfactant production, is critical for normal lung function and survival at birth; however, the scope of cellular responses regulated by this treatment is not known, and relatively few responsive genes have been identified. Our earlier study in the human fetal lung epithelial cells, a model system for type II cell differentiation, surveyed a limited number of genes and characterized induction of one gene of interest (thyroid transcription factor [TTF]-1) (7). In the current study, we determined the genome-wide profile of gene expression in response to hormone treatment. There are two new major findings from this study. First, we found that the induced genes represent all major functional categories; in addition to increased expression of SPs and genes related to phospholipid biosynthesis, as anticipated for surfactant-producing cells, differentiation involved increased expression of genes of all other major molecular functions. This novel finding implies that numerous new cellular functions, many of which are currently unexplored, are acquired on transition from precursor epithelial cell to mature type II cell. It is uncertain whether the scope of differentially expressed genes is unique to type II cell differentiation, as this issue has not been addressed in other differentiating systems, such as adipocytes, hematopoetic cells, and osteoblasts (15, 16, 19) . Second, we identified and confirmed induction of protein and/or mRNA for 17 known genes, including 9 newly identified, regulated genes in the lung that represent novel markers of type II cell differentiation. It is likely that some of these coordinately induced genes share regulatory mechanisms or functional relationships. Overall, these results provide the first detailed description of specific gene expression during human type II cell differentiation. New regulated genes of diverse molecular functions have been identified that may be critical for numerous physiologic activities, some of which may be currently unappreciated, of the mature lung.
DNA microarray approaches have been used in other studies to assess differential gene expression in lung tissue and cells under various conditions. Recent reports describe changes in gene expression in response to transforming growth factor-␤ treatment of lung fibroblasts (20) , effects of treatment of newborn mice with dexamethasone and retinoic acid (21) , changes in gene expression during development of mouse lung (22) , and effects of phosphorylation status of TTF-1 (23). In the dexamethasone study (21) , a significant difference in gene expression was detected for 499 genes of ‫ف‬ 12,000 queried-a percentage comparable to that for induced plus repressed genes in our study.
There are some limitations to both the experimental model and microarray methodology used in this study. Hormonal treatment of fetal lung cells in primary culture may not completely replicate type II cell differentiation as occurs in vivo. However, several lines of evidence support the appropriateness of this culture system as a model for in vivo lung development. Key lipogenic enzymes are induced, PC synthesis increases with a shift in composition toward that of mature surfactant, content of SPs increases many-fold, the cells develop lamellar bodies, and surface-active surfactant is secreted in response to secretagogue treatment (6, 7) . Collectively, these responses represent a coordinated, precocious expression of the surfactant system. In addition, there is induction of a number of other nonsurfactantrelated genes (e.g., SCNN1A, ATP1B1, ATP1A1, FASN) whose expression is known to increase during type II cell differentiation in vivo (8) . A more definitive assessment of the cultured cell model and profile of induced genes will be provided by a future study comparing gene expression in cultured fetal versus mature type II cells obtained from postnatal lung specimens. The study is also limited by conditions inherent to microarray analysis (e.g., false discovery rate) and by the number of lungs and chips used, which suggests caution in interpreting global expression results (e.g., enrichment of functional categories).
DNA microarray technology is a powerful tool for quantitative analysis of gene expression on a nearly genome-wide basis. Nevertheless, there are a number of caveats associated with this experimental approach that may lead to false-positive or falsenegative results for changes in gene expression. Genes that are targeted by more than one probe set, which was 35% of the induced genes in this study, are less susceptible to errors for these reasons. Microarray data require confirmation by other measurements of mRNA content. Because protein levels do not always mimic changes in RNA levels, protein confirmation and immunohistochemistry are valuable. In our study, induction of all 17 genes of known function in Cluster 1 was confirmed by real-time RT-PCR. Induction was also found by Western analysis and/or immunostaining for 16 of 17 genes examined. The failure to confirm immunoreactive selenoprotein P, which has been previously detected in lung tissue (24) , could reflect inappropriate specificity of the antibody used, low abundance of the protein, or induced transcription without increased translation.
We found 13 induced enzymes or transporters related to synthesis of PC and phosphatidylglycerol, key phospholipids of surfactant, with only one gene (LPL) included in Cluster 1. Hormonal induction of some of the biosynthetic proteins (fatty acid synthase, choline phophotransferase, stearoyl-coenzyme A desaturase) has been previously described (8, 25) . It is noteworthy that molecules involved in lipid uptake (LPL, monglyceride lipoprotein lipase, LDL receptor, membrane phosphatidic acid phosphatases, and adipose differentiation-related protein) or with a putative transport function (ABCA3) are hormonally responsive, as determined by microarray analysis, suggesting that the increased production of surfactant phospholipids involves enhanced uptake of extracellular substrate as well as increased synthetic activity. Induction of LPL is consistent with a model in which fibroblasts store triglyceride that is then provided to epithelial cells (26) .
When gene expression was analyzed over time, SOM analysis revealed a variety of kinetic patterns, likely reflecting, in part, both primary and secondary hormone responses. A cluster of 17 genes of known function, including the SP genes, was upregulated after 4-to 8-h lag period to relatively high levels of expression by 72 h. As coordinate regulation of genes can indicate regulatory or functional relationships, some of the newly identified genes of this cluster may have key roles in the type II cell. The cluster contains eight genes (SFTPA, SFTPB, SFTPC, PGC, IGF2, SCNN1A, AQP4, CLDN18) that are known to be hormonally responsive in fetal lung (6-9, 17, 18, 27, 28) . Although SFTPD was also induced by DCI, the time course of expression and fold induction differed from the other SPs and, therefore, it clustered with another group of induced genes. PGC encodes pepsinogen C, also referred to as gastricsin, which is an aspartic protease and member of the pepsin family that is type II cell specific and may have a role in SP-B processing (17) . The function of IGF-II in alveolar epithelial cells may relate to cell proliferation. SCNN1A and AQP4 both function in alveolar fluid homeostasis (27) . DCI treatment also increased expression of SCCN1B, but expression of the ␥ subunit was not detected. Of the nine AQP genes probed by the chip, expression was detected for only AQP3 and AQP4. The tight-junction protein, claudin 18, is involved in paracellular ion permeability and epithelial cell barrier function, and induction of claudin 18 is associated with changes in transepithelial resistance of type II cell monolayers (18) .
In addition, Cluster 1 contains 9 newly identified, regulated genes of fetal lung epithelial cells. Seven genes (LAMP3, LPL, MAOA, WIF1, HIF3A, SEP1, and ADH1B) have been detected in the lung, including three (LAMP3, LPL, MAOA) in type II cells; LAMP3 has been previously localized to lamellar bodies. Three of these genes (LPL, MAOA, ADH1B) are hormonally regulated in other tissues. In lung cells, we found that ADH1B was responsive only to dexamethasone, three genes (WIF1, NR4A2, HIF3A) were induced by cAMP but not by dexamethasone, and the other five genes were regulated by an interaction of glucocorticoid and cAMP. The pattern of hormonal responsiveness for gene induction emphasizes the physiologic importance of both glucocorticoid and cAMP in differentiation of type II cell function as well as ultrastructure (7) . Mechanistically, the variety of hormone responses rules out the possibility that the genes of Cluster 1 are all regulated by a common pathway (e.g., hormonally induced transcription factor).
LPL, which hydrolyses serum lipoprotein triglycerides, has been detected previously in lung tissue, and its activity increases after birth in temporal association with increased numbers of lipofibroblasts (26, 29) . We report the new observation that LPL is hormonally regulated in the lung similar to previous findings in selected other tissues, such as adipocytes (30) . Immunostaining indicated localization of LPL to type II cells, with basolateral expression as required for hydrolysis of triglycerides derived from serum or adjacent fibroblasts.
LAMP account for about half of the total lysosomal membrane protein. The newest member of this family, LAMP3 (also referred to as DC-LAMP/CD208) (31), has been previously identified in lung tissue and localized to lamellar bodies of mouse type II cells (32) . We found that DC-LAMP was highly induced by combined hormone treatment in differentiating human type II cells. Moreover, DC-LAMP was localized exclusively to limiting membranes of lamellar bodies in a pattern identical to that for ABCA3 (33) . LAMP1 and LAMP2 were also expressed in the human fetal lung cells, but were not affected by hormone treatment. A role for DC-LAMP in surfactant modification and/or in secretion has been proposed (32) .
WIF1 encodes an inhibitor of Wnt proteins, a large family of secreted signaling molecules that interact with the receptor Frizzled and regulate nuclear transcription through the action of ␤-catenin (34) . Targeted deletion of ␤-cateninin in mouse lung epithelial cells at Ͻ E15 results in a more proximal epithelial cell phenotype and decreased branching of secondary bronchi (35) . In murine fibroblasts, WIF1 is strongly induced during BMP-2-mediated osteoblast differentiation (19) . Our data represent the first description of WIF1 expression in human fetal lung epithelial cells and its hormonal responsiveness. This finding is consistent with a role for Wnt signaling in lung development.
HIF3A was a highly induced gene in cAMP-treated lung cells. HIF1A was also induced (1.7-fold) by DCI treatment; however, transcripts for the HIF-associated proteins pVHL (von HippelLindau tumor suppressor protein) and ARNT (aryl hydrocarbon receptor nuclear translocator) were expressed at low levels in the cells and were not induced. HIF-3␣ has been previously described in adult lung, where it is greatly increased by hypoxia, induces angiogenesis factors, and triggers proliferation of pulmonary vascular smooth muscle cells (36, 37) . A possible role for HIF3␣ in the developing lung is to facilitate induction of angiogenesis coordinately with alveolization.
Novel IL-1 receptor-like genes, including IL1RL1 (T1/ST2), IL-1 receptor-related protein and IL-1 receptor-related protein 2, comprise a cytokine receptor gene cluster at chromosome locus 2q12 (38) . We found synergistic induction of IL1RL1 during type II cell differentiation; in addition, IL1R1 was induced (2.2-fold), whereas IL1R2 and IL1RN (receptor antagonist) transcripts were not detected. Although there has been extensive study of IL1RL1 isoforms in hematopoietic cells, the precise role of IL1RL1/ST2 in human lung type II epithelial cells is unknown.
The NR4A2 gene encodes a member of the nuclear receptor superfamily known as nuclear-related receptor 1, a transcription factor that has been shown to regulate midbrain development, in particular dopaminergic neurons, and aldosterone synthesis in the adrenal cortex (39) . Expression of NR4A2 has been described in rat lung (40) , and we report responsiveness to cAMP, suggesting a possible role in cell differentiation.
ADH and monamine oxidases are nicotinamide adenine dinucleotide oxidoreductases that catalyze metabolism of alcohols and biogenic amines, respectively. Class I ADHs are expressed in a variety of tissues with epithelial localization (41) . By contrast, we found that immunoreactivity localized predominantly to lung fibroblasts with the one antibody available for study. ADH is glucocorticoid responsive in hepatocytes (42); however, there are no previous reports of glucocorticoid regulation of ADH1B in the lung. Of the different ADH genes surveyed, only the ␤ isoform of Class I ADH was induced. Increased ADH activity could provide glycerol as substrate for phospholipid synthesis or promote production of retinoic acid from retinol (41) . Retinoic acid has a number of effects in the developing lung, including coactivation of the SP-B gene, promotion of phospholipid synthesis, and enhancement of alveolization (43) (44) (45) .
We found that the MAO-A, but not MAO-B (not detected), was induced in lung cells and was localized to epithelial cells by immunofluorescence. Both isozymes are expressed in a variety of tissues, including the adult lung, where MAO-A is the more abundant form and localizes to the alveolar wall and smooth muscle cells (46) . Induction of both ADH and MAO-A are consistent with upregulated catecholamine metabolism at the airway surface and/or essential housekeeping oxidoreductase functions in lung cells preparatory to the availability of oxygen at birth.
The time-course study also identified a subset of induced genes that were maximally upregulated soon after hormone treatment. It is likely that transcription factors in this subset are primary hormonal targets (versus being induced secondarily by other induced factors) and potential mediators of hormonal effects on other genes. Current studies are investigating the role of two of these factors, TTF-1 and "homeodomain-only" protein (HOP), in type II cells. Our findings indicate that while TTF-1 is required for DCI-induction of many genes, an increase in TTF-1 alone induces only a small subset of genes, implicating a role for other hormone-induced regulatory factors. HOP is regulated by TTF-1 and appears to act as a negative regulator of SP gene expression (V.K., unpublished data). Future studies will focus on the role of other induced transcriptional regulators during type II cell differentiation.
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